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Effects of stereoelectronic interactions on the
relativistic spin–orbit and paramagnetic
components of the 13C NMR shielding tensors
of dihaloethenes†
Renan V. Viesser,a Lucas C. Ducati,b Jochen Autschbachc and
Cla´udio F. Tormena*a
In this study, stereoelectronic interactions were considered to explain the experimental difference in the
magnitude of the known heavy-atom effect on the 13C NMR chemical shifts in cis- and trans-1,2-
dihaloethene isomers (halo = F, Cl, Br or I). The experimental values were compared to the calculated
values with various DFT functionals using both the nonrelativistic approach (NR) and the relativistic
approximations SR-ZORA (SR) and SO-ZORA (SO). NBO and NLMO contributions to the 13C NMR
shielding tensors were determined to assess which stereoelectronic interactions have a more important
effect on the shielding tensor in each principal axis system (PAS) coordinate. These analyses associated
with the orbital rotation model and the HOMO–LUMO energy gap enable rationalization of trends
between cis and trans isomers from fluorine to iodine derivatives. Both paramagnetic and SO shielding
terms were responsible for the observed trends. It was possible to conclude that the steric interactions
between the two iodine atoms and the hyperconjugative interactions involving the halogen lone pairs
(LP(X)) and pCQC*, sCQC* and sC–X* antibonding orbitals are responsible for the lower
13C NMR shielding
for the cis isomers of the bromine and the iodine compounds than that of the trans isomers.
1. Introduction
Relativistic effects in NMR parameters have interested scientists
because of the strong influence of such effects on molecules
containing heavy atoms (HAs).1–6 In the last three decades, many
theoretical studies have reported these effects on chemical shifts,
nuclear shielding tensors and indirect spin–spin coupling con-
stants using various electronic structure methods and relativistic
approaches.7–18
Two common types of relativistic effects known for the
shielding constants (s) are the heavy-atom effect on its own
shielding (HAHA) and the heavy-atom effect on the shielding of
a nearby light atom (LA), such as carbon or hydrogen
(HALA).1,19 It has been reported20,21 for the HX (X = F, Cl, Br,
I or At) and H2X (X = O, S, Se, Te or Po) systems, that spin–orbit–
HALA effect on the 1H NMR chemical shifts are very important.
A decrease in the chemical shift of the nucleus bound directly
to the halogen substituent is frequently observed, especially for
bromine and iodine compounds; this effect is called the normal
halogen dependence (NHD).22–24
The spin–orbit (SO) term for the nuclear shielding tensor is
recognized to be primarily responsible for the relativistic effects
on the chemical shift of a light nucleus in HALA systems. This
phenomenon has been understood as the interaction between
the SO coupling of the HA and the spin-dependent Fermi
contact (FC) and spin-dipolar (SD) mechanisms.25 The induced
spin polarization can be transmitted through a covalent bond
from a HA to a neighboring LA nucleus, resembling the
mechanism for the transmission of the FC term in indirect
spin–spin coupling constants (FC/FC mechanism).1,25,26 The
SO/FC is usually reported as the most important mechanism
that explains the HA effect on the 13C NMR chemical shift,
whereas the SO/SD transmission mechanism is considered to
be small. However, in the case of iodine compounds, these
mechanisms can be modified by the presence of lone pairs on a
nearby iodine atom.25 Further details are discussed below.
Many factors can influence the intensity of SO for the
shielding tensor (sSO), mainly due to the similarity between
the SO/FC and FC/FC transmission mechanics. As the first
factor, the sSO can be associated with the s-character of the
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valence orbitals of the LA in the HA–LA bond. Kaupp et al.25
observed this behavior based on the increase of the 13C NMR
shielding tensor from iodoethane (s% lower) to iodoacetylene
(s% higher). The same authors25 and Hyva¨rinen et al.26 also
show that the sSO has an angular dependence of three bonds,
associated with the known Karplus relationship. These factors
are generally connected with better FC transmission and high
spin density of the LA nucleus, which has been related to the
s-character of HA–LA bond.
The SO/FC transmission mechanism must depend signifi-
cantly on the overlap and the energy gaps between the bonding
and the antibonding orbitals, in which some studies25–29 have
found an inverse relationship among the energy gaps and sSO.
Taking these considerations into account, any stereoelectronic
interaction that increases a relevant energy gap between the
ground and the excited states has the potential to decrease the
corresponding SO contribution of the SO/FC and SO/SD cross
terms. Recently, our group29 observed that hyperconjugative
interactions involving the sC–X* orbital (X = Cl, Br, I) can affect
the SO term and the intensity of the HALA effect on the 13C
NMR chemical shift in halocyclohexane and halopyran
derivatives.
Recently, some transition-metal complexes studies, especially
the work of Vı´cha et al.,30 have demonstrated the role of the
d-character of the metal–ligand bond on the SO magnitude
linking NMR and EPR data, such as sSO, the g-tensor and the
A-tensor. These authors demonstrated that the d-character of
occupied and virtual MOs was connected with the sSO in iridium
compounds, whereas the s-character and energy gap did not
show significant correlations with experimental trends.
Other individual effects on the NMR shielding observed in
theoretical studies9,31 are also interesting, such as the exchange–
correlation (XC) potential and the effects of dispersion, particularly
if the calculations are performed with DFTmethods. The exchange–
correlation potential is more important than the dispersion in
geometry optimizations, showing corrections of B5 ppm for 13C
NMR shielding constants, whereas the value of the dispersion
correction is usually very small (o0.5 ppm).9
An interesting aspect is that the nuclear shielding depends
not only on the chemical structure but also on the molecular
orientation within the external magnetic field B0. The shielding
tensor s can be written in terms of a molecule-fixed principal
axis system (PAS) and the principal components s11, s22 and s33
of the shielding. In the PAS representation, the isotropic
shielding is the average of the principal components.32,33
There are several quantum chemistry packages available for
relativistic calculations of sSO. For example, the Amsterdam
density functional (ADF)34 package utilizes the ZORA (zeroth-order
regular approximation) Hamiltonian. ZORA is an approximate two-
component relativistic method that has been shown to deliver
quite accurate chemical shifts and NMR J-couplings21 for heavy
element systems. The use of a fully relativistic Hamiltonian or
other approximate two-component methods35–39 is also possible.
This work is based on ZORA calculations because of the availability
of analysis tools for the shielding tensor obtained from relativistic
calculations. The ZORA magnetic property expressions are very
similar to the well-known nonrelativistic Ramsey equations,
which facilitates the interpretation of the results in commonly
known terms. The total shielding can – as in the nonrelativistic
limit – be written as a sum of a diamagnetic component (sdia)
and a paramagnetic component (spara). These components
include scalar relativistic effects. In addition, there is a SO
coupling contribution (sSO). In two-component relativistic calcu-
lations, the magnetic nuclear shielding tensor for the ground
state can be written formally as16
su;v ¼ c0 DSj jc0h i
þ 2Re
X
ja0
c0 OPþ FCþ SDð Þj jcj
D E
cj OZþ SZð Þj jc0
D E
E0  Ej ;
(1)
Eqn (1) represents one of the tensor elements (u, v = x, y, z); c0, E0
and cj, Ej are the wavefunctions and energies for the ground
state and excited state, respectively. The operators are the
relativistic analogs of the diamagnetic shielding (DS), orbital
paramagnetic (OP), orbital Zeeman (OZ), spin-Zeeman (SZ), FC
and SD operators. In the two-component ZORA framework, these
operators can be written in a similar way to the nonrelativistic
ones.40 FC, SD and SZ are electron-spin dependent, whereas OP,
OZ and DS are not. In the absence of SO coupling, FC, SD and SZ
do not contribute to the shielding. The usual paramagnetic
component of the shielding tensor is then given by the OP–OZ
operator combination. SO effects can arise in the OP–OZ mecha-
nism via the wavefunctions/orbitals, but the majority of SO
effects are typically revealed in the OP–SZ and in particular in
the (FC + SD)(OZ + SZ) cross terms. At the SO level, there is no
clear distinction between paramagnetic and SO effects in the
sense that they both contribute in the sum-over-states part of
eqn (1). The analysis connects most straightforwardly with the
scalar relativistic (SR) or nonrelativistic levels if ‘paramagnetic’ is
identified with the OP–OZ mechanism, keeping in mind that the
numerical results for thismechanismmay differ somewhat between
SR and SO calculations. Both paramagnetic and SO contributions
are dependent on the energy difference between the ground and
excited states according to the denominator of eqn (1).16
The calculations for this work employed linear-response
DFT. The paramagnetic and SO shielding contributions (second
term of eqn (1)) may be written in terms of Kohn–Sham (KS)
MOs as41
su;v ¼ const:Re
Xocc
i
Xunocc
a
ji H
B
u
 ja
 
ja H
m
v
 ji
 
ei  ea ; (2)
Eqn (2) is associated with the orbitals and orbital energies ji, ei
and ja, ea for occupied and unoccupied canonical KS MOs,
respectively. The superscripts of the NMR perturbation operators
HBu and H
m
v refer to the magnetic field (B), i.e., OZ and SZ, and the
nuclear spin magnetic moment (m), i.e., OP, FC, and SD. They are
described in detail in ref. 41. Note that HBu formally also includes
the response of the KS potential to the magnetic-field perturba-
tion. For a KS potential that depends on only the electron
density, this contribution vanishes because the magnetic field
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does not perturb the density but only the orbital current–density
and – in SO calculations – the spin density.
Although the effect of HA on the 13C chemical shift is known,
for example, in iodine compounds, there are some experimental
data that are not completely understood. As an example, consider
the experimental variations in the 13C NMR chemical shifts among
the cis and trans isomers of the 1,2-dihaloethenes, mainly between
the iodine derivatives, for which the difference in the 13C chemical
shift is approximately 17 ppm between the cis and trans isomers
(trans more shielded).42–44
To investigate why this difference occurs between cis and
trans isomers, the theoretical and experimental data for the cis
and trans isomers of 1,2-dihaloethenes (halo = F, Cl, Br or I)
were evaluated. In this study, it is demonstrated how the
stereoelectronic interactions can influence the spara and sSO
components of the nuclear shielding tensor and, therefore, the
intensity of the HA effect on 13C NMR chemical shifts for the cis
and trans isomers of 1,2-diiodoethenes. The role of stereo-
electronic interactions in the spara and sSO components has
been rationalized on the basis of the combination of shielding
tensor components, the coordinates of the PAS and localized
orbitals analysis. These analogies allowed us to understand
how the localized orbitals contributions for the 13C NMR
shielding in each PAS coordinate for the studied systems.
2. Experimental and
computational details
2.1 NMR measurements
The chlorine and bromine compounds were commercially
available, and the iodine isomers were synthesized according
to a procedure described in the literature.45 The 1,2-difluoro-
ethene isomers were not experimentally studied because they
are gaseous compounds. The experimental 13C NMR chemical
shifts for the fluorine derivatives were obtained from the literature.46
The 13C NMR spectra were recorded on a Bruker Avance III
600 spectrometer operating at 600.17 MHz and 150.92 MHz for
1H and 13C, respectively. The samples were prepared as solutions
of 15 mg of the solute in 0.7 ml of CDCl3 or DMSO-d6.
2.2 Computational details
All of the calculations for the geometry optimization, the NMR
shielding and the NBO were performed with four different DFT
functionals (B3LYP,47 PBE0,48 KT249 and BP8650), using a triple-
z doubly polarized Slater-type basis set (TZ2P) within the
Amsterdam density functional (ADF2013) software package.51
Optimized geometries for the cis- and trans-1,2-dihaloethene
(halo = F, Cl, Br or I) compounds were obtained using the
nonrelativistic and with the relativistic scalar ZORA (SR-ZORA)
approaches. 13C NMR shielding tensors were calculated using
the nonrelativistic (NR) approach and the two-component
relativistic methods: the scalar ZORA (SR) and the spin–orbit
ZORA (SO).52,53 For all systems studied in this work, the gauge
origin was placed at the carbon atom.
The diamagnetic and SO components of the shielding
tensors were obtained from the SO calculations, whereas the
paramagnetic component was estimated from the SR. In the
results, the SO contributions to the diamagnetic shielding were
negligible.
The 13C NMR chemical shifts were obtained using the
nuclear shielding tensor calculated for the TMS reference.
The chemical shifts (di) were calculated using the equation
below, where di is the carbon shielding tensor of the dihalo-
ethenes, and dref is the carbon shielding tensor for the TMS.
di = sref  si (3)
Geometry and NMR shielding calculations were also per-
formed to evaluate the accuracy of the TZ2P and QZ4P basis
set and the solvent effect (chloroform), using the conductor-
like screening model for realistic solvent (COSMO-RS).54,55
Geometry optimizations and SCF calculations were performed
using numerical integration 6.0 based on the Voronoi quad-
rature scheme.
Orbital analysis was evaluated using the natural bond orbital
(NBO 6.0 code)56 analysis, as implemented in the ADF program,
which was used to generate the scalar relativistic NBOs and
NLMOs at the KT2 level of theory. The graphical representa-
tions of the shielding tensors were generated as in previous
works by Zurek et al.57 and Autschbach.58 The NBO and
NLMO contributions for the principal components of the
shielding tensor (s11, s22 and s33) were determined according
to references41,59 and further rationalized with the help of
orbital rotation models.60,61
3. Results and discussion
3.1 Experimental d 13C NMR results
Table 1 reports the experimental results of the 13C NMR
chemical shifts for the cis- and trans-1,2-dihaloethenes (halo =
Cl, Br or I) in a non-polar solvent (CDCl3) and in a polar solvent
(DMSO-d6). The experimental values of the
13C NMR chemical
shifts for the cis and the trans isomers of chlorine and bromine
derivatives did not exhibit significant variations (B1.0 ppm) in
non-polar and in polar solvents, which might be due to the low
flexibility of the p system.
It can be observed from Table 1 that the 13C chemical shift
for the trans isomer is more shielded (lower frequency) than for
the cis isomer, especially for iodine; however, the reason for this
experimental behavior is not yet clear, and the present study
intents to shed light on the question.
Table 1 Experimental 13C NMR chemical shifts (ppm) obtained for cis-
and trans-1,2-dihaloethenes in CDCl3 and DMSO-d6
Isomer Solvent Cl Br I
cis CDCl3 120.8 113.6 97.8
DMSO-d6 121.1 114.6 —
trans CDCl3 120.3 107.3 80.4
DMSO-d6 120.4 108.2 —
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3.2 Choice of the DFT functional and ZORA hamiltonian
To gain insight regarding the origin of the difference in Table 1,
it was necessary to obtain theoretical values in reasonable
agreement with experimental values. To this end, four different
DFT functionals were applied to calculate the d 13C NMR.
Fig. 1 compares the experimental and the theoretical d 13C
NMR for cis- and trans-1,2-dihaloethenes, for which the theore-
tical values for the halogen series were calculated by the KT2
and BP86 pure GGA functionals and the B3LYP and PBE0
hybrid functionals. It is observed (Fig. 1) that the KT2 level of
theory gives the best agreement with the experimental values,
with deviations smaller than 6 ppm for both isomers, though
accuracy was better for the trans isomer.
Fig. 1 also shows that the HA leads to shielding for nearby
13C, which is more pronounced in the trans isomer, in agree-
ment with the experimental results, in which the differences in
the chemical shift among the isomers of the diiodoethene are
approximately 17 ppm (Table 1).
Relativistic corrections are well suited to evaluating the HA
effect and the decay trend of the chemical shifts in halogenated
series, as observed in Fig. 2. For the fluorine and chlorine
compounds, the SO relativistic corrections were not important
because of the small nuclear charges of the halogen.
However, the bromine and the iodine compounds displayed
(Fig. 2) a strong influence of relativity and spin-dependent
terms; thus, the SO-ZORA approximation showed an adequate
correlation with the experimental results. If only the scalar
relativistic (SR-ZORA) or the nonrelativistic (NR) approximation
was included, the deviations from the experimental 13C NMR
chemical shifts would increase by approximately 30–35 ppm
(Fig. 2).
3.3 Analysis of basis function and inclusion of the solvent
model
The experimental and theoretical 13C NMR chemical shifts were
compared for the cis and trans isomers of diiodoethene using
the KT2 method with two different basis sets, i.e., TZ2P and
QZ4P, and including or not including the solvent effect by
means of the COSMO solvent model. The results are displayed
in Fig. 3.
Fig. 1 Comparison between the experimental (Exp) and the theoretical 13C NMR chemical shifts calculated using four different functionals (B3LYP,
PBE0, KT2 and BP86) with the SO-ZORA Hamiltonian: (a) cis-1,2-dihaloethenes and (b) trans-1,2-dihaloethenes.
Fig. 2 Comparison between the experimental (Exp) and the theoretical 13C NMR chemical shifts, calculated using the KT2/TZ2P functional with the
non-relativistic (NR), the scalar ZORA (SR-ZORA) and the spin–orbit ZORA (SO-ZORA) Hamiltonians: (a) cis-1,2-dihaloethenes and (b) trans-1,2-
dihaloethenes.
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It is observed that the results nearest the experimental
values were obtained using the smaller basis set TZ2P and
when the solvent effect using the COSMO solvent model was
not included. The deviations of the experimental values were
6.6 and 2.4 ppm for the cis and trans isomers, respectively. The
deviations increased when the QZ4P basis set and the COSMO
solvent model were applied, reaching values up to 14.5 and
9.6 ppm for the cis and the trans isomers, respectively. This
result must be attributed to an error cancellation at the TZ2P/
gas-phase level or poor performance of the COSMO model. We
proceed with the TZ2P/KT2 level in the gas phase. Though the
TZ2P is a smaller basis set than QZ4P and the effect of solvent
was not included, the results of this work obtained by TZ2P/gas-
phase showed similar values when QZ4P and COSMO solvent
model were used. Table S1 of ESI† shows variation of values of
theoretical 13C NMR chemical shifts and shielding tensors
between these different level of theory, however the differences
between cis and trans isomers for iodine derivative are very
similar in all levels of theory used in this work.
A higher value of numerical integration (equal to 8.0) was
also evaluated using the same Voronoi quadrature scheme.
For both integration values, the TZ2P/gas-phase calculations
display results nearest the experimental values, while the
largest deviations were obtained with QZ4P basis and with
inclusion of the COSMO solvent model. Fig. S1 in ESI† shows
the results of 13C chemical shifts obtained applying numerical
integration values of 6.0 and 8.0.
3.4 NBO/NLMO analyses of components of the 13C NMR
shielding tensor
The diamagnetic, paramagnetic and SO components of the
chemical shielding tensor of the carbon atom were calculated
using the SO/KT2/TZ2P level of theory (for data from other
functionals, please see Tables S2–S4, ESI†).
It can be observed (Table 2) that paramagnetic (spara) and SO
(sSO) components of shielding were responsible (B10 ppm
each one) for the difference in the 13C NMR shielding between
the cis and trans isomers of iodine derivatives. For both
isomers, the sSO increases from fluorine to iodine, which is
more pronounced for the trans isomer. For the spara, more
negative values are observed from chlorine to iodine for the cis
isomer, whereas for the trans isomer, more positive values were
found. The diamagnetic term (sdia) did not show significant
changes for both isomers with the same halogen atom; thus, it
cannot be used to describe the differences in the 13C NMR
chemical shifts of the 1,2-dihaloethenes. Thus, the paramagnetic
and SO terms contribute to the lower frequency (more shielded) of
the 13C NMR chemical shift in the trans isomer.
According to Section 1 of this work, the role of the
s-character of LA and the HOMO–LUMO energy gap are factors
that may affect the 13C shielding. Table 3 does not show
significant variation in the s% of the LA. Due to the similarity
between the cis and trans isomers, the s-character and certain
geometric parameters, such as bond length (rC–X), did not
display important differences. The angle CQC–X was the only
parameter that exhibited significant changes among the isomers,
in particular on the cis isomer of iodine compounds, which is a
sign of the steric repulsion between iodine atoms.
The energy gaps between occupied and virtual MOs were
important in understanding certain trends in the nuclear
shielding tensor, mainly because the spara and sSO consider
these energies’ differences in the denominator of eqn (2). The
MOs energy diagram shown in Fig. 4 reveals that the profile is
very similar for both isomers in the halogen series. The HOMO
is a combination of the p orbitals of two carbon atoms and the
p orbitals of halogen atoms with the same symmetry, which
may be associated with the p orbital and LP3(X) in the localized
approach, respectively. These HOMOs displayed low energy
Fig. 3 The experimental (Exp) and the calculated 13C NMR chemical shifts
for cis- and trans-1,2-diiodoethene using the KT2/SO-ZORA level of
theory with the TZ2P or the QZ4P basis set, with and without the
COSMO-RS solvent model.
Table 2 Theoretical (dtheo
a,b) 13C NMR chemical shifts, the nuclear shielding
tensor (stotal
c) and the diamagnetic (sdia), paramagnetic (spara) and spin–orbit
(sSo) components obtained for cis- and trans-1,2-dihaloethenes, calculated at
the KT2/TZ2P level and using the SO-ZORA Hamiltonian
cis trans
sdia spara sSO stotal dtheo sdia spara sSO stotal dtheo
F 240.4 187.0 1.3 54.8 140.2 240.6 195.5 1.2 46.3 148.6
Cl 247.8 178.9 3.1 72.0 122.9 247.5 178.7 3.3 72.4 122.5
Br 244.4 179.6 12.0 76.7 118.2 244.2 174.9 14.6 84.1 110.8
I 246.2 181.9 25.7 90.0 104.9 246.6 170.3 35.9 112.1 82.7
a dtheo = sTMS  stotal. b The TMS shielding tensor is 194.9 ppm for the
respective level of theory. c stotal = sdia + spara + sSO.
Table 3 Geometric parameters and s-character of carbon and halogen
atoms for cis- and trans-1,2-dihaloethenes calculated by applying
SR-ZORA at the KT2/TZ2P level of theory
cis trans
rC–X
a rCQC
a +CQC–X
b s% C s% X rC–X
a rCQC
a +CQC–X
b s% C s% X
F 1.337 1.327 122.5 24.2 25.2 1.344 1.326 119.8 23.8 24.7
Cl 1.713 1.334 124.2 24.8 17.5 1.722 1.331 121.1 24.2 17.1
Br 1.859 1.334 124.8 23.4 13.2 1.870 1.330 121.1 22.6 12.7
I 2.052 1.336 127.2 23.2 11.4 2.062 1.332 122.2 22.5 11.0
a In Ångstro¨ms. b In 1.
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variations, whereas the energy of the LUMOs decreased from
fluorine to iodine, largely due to the stabilization of the p* and
sC–X* antibonding orbitals.
For fluorine isomers, the largest (most negative) value of the
paramagnetic component was observed for the trans isomer,
and it was the main component responsible for the 8.5 ppm
difference in the 13C chemical shift (Table 1). Analyzing
the HOMO–LUMO energy gap of the fluorine compounds
revealed a smaller energy difference for the trans than for the
cis isomer due to the higher energy of the HOMO and lower
energy of the LUMO for the trans isomer in comparison with
the cis isomer. This point might be a reason for the larger
magnitude of the paramagnetic shielding in the trans isomer
for difluoroethene.
The HOMO–LUMO energy gap remained smaller for the
trans isomer from chlorine to iodine compounds; however,
the spara values were almost identical for the chlorine isomers,
and they were larger for the cis isomer in the bromine and
iodine derivatives. Based on these results, the HOMO–LUMO
gap is not sufficient to explain the spara values, particularly in
the iodine isomers where the spara difference is larger (11.6 ppm)
than the sSO variation (10.2 ppm) among cis and trans isomers.
The dependence of the sSO on the HOMO–LUMO energy gap is
not also clear, despite the higher stabilization of the LUMO in the
trans isomers of the bromine and iodine compounds.
Nonetheless, Fig. 4 shows a significant destabilization of the
HOMO1 in the cis isomer with increasing atomic number
of the halogen, whose MO has a high contribution of the
p orbitals of the carbon atoms oriented in-plane of the structure.
In the NBO/NLMO methodology, these orbitals are localized as
LP2(X), and this behavior may be related to the steric repulsion
between HA in the cis configuration. Most likely this increase in
energy is associated with the spara and sSO trends.
As the s-character and HOMO–LUMO energy gap did not
describe all the trends and values obtained, it was necessary to
use other methodology to find the reasons the difference in
spara and sSO. For this purpose, the spara and sSO values were
analyzed in terms of each PAS coordinate (s11, s22 and s33) and
which NBO/NLMO orbitals would be responsible for these data.
Table 4 shows how the components of 13C shielding tensor
differ in the function of the PAS orientation. In general, the
differences in sdia remained negligible, whereas for spara and
sSO, interesting trends were observed between the cis and trans
isomers and in the halogen series. Graphical representations of
the 13C NMR shielding tensor were built in the same way as in
ref. 57 and 58.
In Fig. 5, it is possible to observe that the shielding surface is
larger for trans-diiodoethene, and both representations show
strong anisotropic character, mainly in the plane of the sC–I
bond. This behavior also occurs for other halogen compounds,
whose representations can be observed in Fig. S2–S4, in the
ESI.†
The data in Table 4 indicate that spara differences in the
fluorine isomers are dominated by the s22 component of the
shielding tensor. For chlorine isomers, the values do not show
significant variations, and therefore the 13C shielding tensors
were highly similar between the two configurations. The more
interesting results were obtained for the bromine and iodine
compounds, where different orientations of the shielding tensor
were responsible for the values of spara and sSO.
As briefly mentioned above, s11 was identified as the tensor
component with more influence on the spara for bromine and
iodine derivatives. This orientation of the tensor always exhi-
bited a deshielding character in the cis isomer for all halogens
(Fig. 5 and Fig. S1–S3, from ESI†). For the trans isomer,
deshielding character was observed for F, Cl and Br halogens,
whereas for iodine, a shielding character is observed, as
observed in Fig. 5. The s22 component contributes to the spara
and sSO components but with less extension than s11 and s33.
SO coupling exhibited the largest difference between cis and
trans isomers of the bromine and iodine derivatives at the s33
PAS component (Table 4), suggesting that this component must
be evaluated in detail to assign the origin of the SO difference
between cis and trans.
Each component of the 13C nuclear shielding tensor was
decomposed in terms of NBOs and NLMO analysis. Fig. 6 and 7
reveal the nuclear shielding decomposition in terms of groups
of NBO and NLMO with more variation; however, the complete
tables containing all contributions can be observed in Tables S5
and S6, of the ESI.† NLMO analysis was chosen to describe the
shielding contributions of halogen lone pairs as the contribu-
tions become small in the NBO description. This statement was
determined by Mocho and Autschbach16 in nuclear magnetic
shielding in LaX3 systems. The results shown in Fig. 6 indicate
which NBO orbitals are associated with the largest magnitude
of the spara component and the smallest sSO term in the cis
isomer along the halogen series.
Stereoelectronic effects were identified as the main reasons
for changes in the values of spara and sSO between cis- and trans-
dihaloethene isomers based on the influence of the halogen
LPs and their correlations with other orbitals. As previously
revealed, the s11 component is responsible for the largest
variation in the spara, and this statement may be associated
Fig. 4 Energies of frontier MOs for cis- and trans-1,2-dihaloethenes
calculated at the KT2/TZ2P level.
Paper PCCP
Pu
bl
ish
ed
 o
n 
26
 Ju
ne
 2
01
5.
 D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 E
ST
A
D
U
A
L 
D
E 
CA
M
PI
N
A
S 
on
 2
9/
04
/2
01
6 
15
:3
7:
49
. 
View Article Online
This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys., 2015, 17, 19315--19324 | 19321
with the decreasing trends of LP3Xb, pCQC* and sC–X* orbitals
for cis isomers. These NBO/NLMO contributions can be ratio-
nalized by the p orbital rotation model,57–59 mostly because the
action of the angular momentum operator in the LP3 of the
halogen bonded to the neighboring carbon atom can lead to a
rotation. The action of the angular momentum in the x axis (Lx)
on the LP3(Xb) rotates this orbital and may provide overlap with
the sC–X* orbital in the cis isomer (Fig. 8A), resulting in larger
paramagnetic shielding because the operators OP and OZ
(eqn (1)) are related to the angular momentum.
The symmetry also affects spara when sCb–H for trans and
sCb–X for cis are compared, as in Fig. 6. These orbitals can also
rotate and show symmetry with the sC–X* orbital due to the
action of the angular momentum operator in the y axis (Ly),
resulting in paramagnetic shielding (Fig. 8B). The energy of
sC–X increases (see Tables S7 and S8, ESI†) with the halogen
atomic number, leading to an increase in magnitude of spara for
the cis isomer.
The steric repulsion between halogen LPs in the cis configu-
ration also showed an interesting influence on spara. It is
possible to observe, in Fig. 7, that LP2Xb causes strong para-
magnetic shielding in bromine and iodine compounds of cis
isomers, whereas no significant changes in the trans isomers
are observed.
The effects of steric interactions between LP2 orbitals was
easier to envision on the SO shielding at the s33 component,
Table 4 Contributions of the 13C NMR shielding tensor and their diamagnetic (sdia), paramagnetic (spara) and spin–orbit (sSO) components to each PAS
orientation for cis- and trans-1,2-dihaloethenes, calculated at the SO/KT2/TZ2P level
sdia spara sSO stotal
s11 s22 s33 s11 s22 s33 s11 s22 s33 s11 s22 s33
cis F 252.4 253.5 215.8 276.3 165.3 119.3 1.2 1.0 1.7 22.8 89.1 98.2
Cl 258.7 260.1 224.8 278.9 162.9 94.8 2.3 3.0 3.8 18.0 100.2 133.8
Br 257.7 257.4 218.6 282.2 163.9 92.8 8.1 12.3 15.0 16.3 105.8 140.7
I 261.7 257.9 219.3 289.5 162.6 90.6 11.1 34.3 28.3 16.7 129.6 157.0
trans F 253.1 252.9 216.1 280.5 184.5 121.6 0.8 1.1 1.6 26.5 69.5 96.0
Cl 260.3 257.9 224.5 278.9 162.9 94.8 2.1 6.9 1.7 16.6 101.8 131.9
Br 261.3 253.5 218.2 274.6 157.7 92.3 7.9 15.2 20.7 5.4 111.0 146.6
I 266.5 253.3 220.3 271.9 154.3 83.2 13.4 42.0 50.3 8.0 141.1 187.5
Fig. 5 Graphical representations of 13C NMR shielding tensor for cis- and
trans-diiodoethene. The arrows display the signs of the shielding tensor
(red for negative terms and green for positive ones), and the surface
indicates the magnitude of the shielding for a magnetic field in the
direction of the carbon nucleus to a point on the surface via its distance
from the carbon (polar plot).
Fig. 6 NBO contributions (in ppm) for the paramagnetic and spin–orbit components of the 13C NMR shielding tensor for the PAS coordinate with more
significant variation between cis and trans isomers and in the halogen series. The data were obtained by the SO/KT2/TZ2P level.
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whose PAS orientation was responsible for the largest variation
in sSO. The plot for LP2 (Fig. 7) suggests that steric repulsion
between iodine LP2 occurs and may be the reason for the lower
13C NMR shielding tensor of the cis-diiodoethene. The LP2Xb
did not affect the SO coupling of trans-diiodoethene (sSO =
0.95 ppm), but the deshielding was very strong in cis-diiodo-
ethene (sSO = 7.02 ppm) due to the steric repulsion. The effect
of steric compression is more pronounced at the s33 component as
a result of rotation of LP2(I).
A relationship between steric hindrance and hyperconjugative
interactions has been suggested, although dissenting opinions
remain.62,63 In any case, our results indicate that such effects may
explain the higher frequency of 13C NMR of the cis isomer for
bromine and iodine derivatives. It has been discussed in the
literature62 that NBOs may lead to different interpretations from
orbitals obtained by other localization procedures.63 The NBO
shielding analysis was indeed unable to identify the steric repulsion
between iodine atoms, though this behavior is not surprising.16,62
However, the NLMOs are similar to orbitals obtained with other
localization techniques and appear as a suitable option for deter-
mining the contributions of LPs.16 In this study the delocalization
interactions were essential in supporting the role of antibonding
orbitals and relating them to the orbital rotation model and the
paramagnetic shielding.
3.5 Dependency of the steric effects on the angle CQC–I for
cis isomer
To verify our hypothesis about the influence of steric inter-
action on the HALA effect, the CQC–I bond angle was changed
from 901 to 1401 in 101 steps (Fig. 9), and the shielding tensor
was calculated for each molecular arrangement. It is known
that the SO term depends heavily on the bond and dihedral
angles in the molecule.25 In this study, the CQC–I bond angle
was changed to gauge variation in the nuclear shielding tensor
between the cis and trans isomers. The main difference between
the two isomers when the bond angles CQC–I were changed
from 901 to 1401 was relief of the steric interaction between two
iodine atoms in the cis isomer, suggesting that steric inter-
action affects the nuclear shielding tensor.
For the trans isomer, the shielding tensors do not change
significantly in comparison with the cis isomer due to the relief
of steric repulsion between the iodine atoms. In the cis isomer,
the 13C shielding tensor was strongly affected by the angle
CQC–I, whose magnitude of shielding reached similar values
as for trans at the bond angle equal to 1401. This behavior may
be observed through the analysis of the HOMO–LUMO energy
gap, which can be observed in Fig. S5 in the ESI.† The energy
results of HOMO and HOMO1 of the cis isomer showed a
similar profile to the trans isomer when the CQC–I angle was
equal to 1401. The energy of HOMO1 increased significantly
with proximity of the iodine atoms, in other words with
increasing steric interaction.
NBO analysis of the cis geometry with the angle CQC–I
equal to 1401 suggested a decrease in the deshielding caused by
the LP2Xb for both spara and sSO components. Unlike the
equilibrium geometry, at the angle of 1401, the s11 component
displayed positive shielding, as observed in Fig. 10. The SO
shielding on s33 increased with increasing bond angle, whose
effect of LP2Xb decreased from 7.02 ppm (equilibrium geo-
metry) to 2.22 ppm (bond angle equal to 1401), resulting in
the 13C NMR shielding more nearest of the trans isomer.
However, this SO shielding was smaller than the total changes.
The reason for the shielding increase for the structure with the
Fig. 7 NLMO contributions (in ppm) of the halogen lone pairs (LP) for the paramagnetic and spin–orbit components of the 13C NMR shielding tensor for
the PAS coordinate with more significant variation between cis and trans isomers and in the halogen series. The data were obtained by the SO/KT2/TZ2P
level. Xb is bonded to a carbon atom neighboring the calculated
13C.
Fig. 8 Representation of occupied NBOs that may rotate and show
overlap with the sC–I* orbital due to the action of the angular momentum
operators Lx (A) and Ly (B).
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bond angle equal to 1401 may be the s-character at the carbon
atom as a significant increase of s-character from 21.5% to
27.3% was observed with increasing bond angle (951 to 1401).
These results corroborate that for the studied systems, the
steric and hyperconjugative interactions play important roles in
explaining the experimental behavior for the 13C NMR chemical
shift via the involvement of certain LPs in the paramagnetic
and SO component of the 13C shielding tensor.
4. Conclusions
The results described in this study indicate that the electronic
structure has a large influence on the HALA effect, which is
known to decrease the 13C NMR chemical shift in cases such as
the normal halogen dependence. In very similar systems, namely
the case of the cis- and trans-1,2-dihaloethenes isomers, a consi-
derable change was observed in the spin–orbit and the para-
magnetic components for the total shielding tensor in the 13C
NMR chemical shift. The differences in the magnetic shielding
tensors between the isomers of 1,2-dihaloethenes (halo = F, Cl, Br
or I) were explained in terms of the HOMO–LUMO energy gap,
rotation model and stereoelectronic interactions, and it has been
described how the SO/FC transmission mechanism could be
affected by these effects.
The principal factor responsible for the difference (17 ppm)
in the 13C NMR chemical shift between the cis- and trans-
diiodoethene isomers was the steric interaction observed
between the two iodine atoms in the cis isomer, which provided
different values for SO and paramagnetic shielding. The effect
of steric interactions on the magnitude of the 13C shielding
tensor was evaluated in terms of the contributions of the NBO/
NLMO orbitals to the 13C shielding for each PAS coordinate,
allowing a better description of the theoretically observed
variations associated with experimental data. This study high-
lights how similar systems, such as cis–trans configuration, can
lead to considerable differences in NMR parameters.
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